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FACTUAL DATA

EQUIVALENT CIRCUIT CONSIDERATIONS

Introduction

A theoretical expression for NEP (noise equivalent power) has
been obtained using a sinusoidal source of energy and assuming pa-
rameters in the equivalent circuit to be linear elements. The equiva-
lent circuit was expressed in terms of an ideal voltage generator,
Because it is somewhat more informative, an ideal current generator
representation of the equivalent circuit is used in this report.

The analysis for sinusoidal modulation is reviewed and extended
and the analysis for square wave modulation is given.

Sinusoidal Modulation

Pyroelectriec

Material Conducting

electrodes

Figure 1. Representation of a pryoelectric detector crystal,



Figure 1 depicts a spontaneously polarized material with
electrodes of area A on the faces, forming a capacitor Cy, with con-
ductance Gy. To a good approximation, the current through the

material is given by

1= Gyt Gp (CxVp + AP, (1)
where '
i = current into the sample
Gy = conductance of the sample
Vp = voltage across the sample
Cy = capacitance of the sample
P5 = space average of the spontaneous polarization of the
sample
A = area of sample,
- ¢ ﬁ?
Tern@nal con-
() = $ -
the outer faces
of sample)
B !

Figure 2. Equivalent circuit of a pyroelectric crystal.




and where a parallel plate configuration has been assumed, The equiva-
lent circuit for equation (1) in terms of an ideal current generator

is shown in Figure 2, where the current generator produces a current

dpP
= A8
ix 4ar.

If a constant radiation intensity I, is modulated sinusoidally
so that the intensity striking the sample uniformly is given by the

real part of
I(t) = Eze 1-ed"Y, (2)

then from Appendix A the steady-state solution for T* (the temperature

of the sample relative to its enviromment) is

jwt) (3)

_aly _ alo (
™(t) = # 26+ oyt ) exp

The symbols of equation (3) are defined in Appendix A. The transients
have a time constant equal to cj ~A/B. From equation (3) the time

average temperature of the sample relative to its surroundings is

T*a = (GIO)/(ZB) . (4)
Differentiating equation (3) and using the definition for iy gives

= dP GIo
=4 ﬁg 2(B + jwcpﬂ)

Thus iy is a sinusoidal current with amplitude

L, =@ %’ﬁ al)flB+ 5 cpell). (6)



Putting a capacitive impedance across the output of the detector
(see Figure 3) gives a sinusoidal signal voltage across the external

impedance whose amplitude is given by

&o

= 7
Vo= g )
where
G= Go + Gy
c= Ce+ Cx“
Using equation (7) and the definition for responsivity R gives
dp,
- Vso - wea g1 o (8)

84 (2] B+ jwepfel) (f6+ jwch
The Johnson noise voltage will be
_ V4KTAEG
N e ®)
and from equations (8) and (9), the NEP is given approximately by

npt Y= 2VAKTALG 5 jwe, PR (102)

rR(af)e  Pgwa
aT
or

2 ¢p L

o e LKTG | B+ jle (10b)
a Ps_ WC"p/olz

aT

From equation (10) and the definition of specific detectivity D¥,
one has dp
a S8
dT

- . (11)
2 VikTG |B + jwe /2|




Typical experimental values for (B/ cp/%) have been

0.2 sect < B/(cp/‘:Z) L2 sec-l. (12)
T —O— ~4-
- c G
Lo So . :
S O— ~—

Figure 3. Equivalent circuit of pyroelectric detector with capacitive
external impedance,

It therefore follows that for w =20 sec-l, very good approximations

to NEP and D¥ are

NEP = 2 c,/% {56 (a %ﬁ)-l and (13a)
Ps ya
D¢ = dar (13b)
2 cp/% V4XTG

1 respectively,
Limitetion on Incident Intensity
Using the typical values for BaliO3 detectors constructed

thus far in this laboratory, namely

B/ (cpﬂ ) =1 secl
= 0.5 joule gmt °%C*
} = 6,0 gn Cm-B
£ = 5(10)"3cm,




it is found from equation (4) that the average elevation of temperature

above room temperature per unit incident intensity is

3

a* . 1 . 33°C watt”

o 2B

2

Len®, (14)

cm

e
Q

Therefore, if a BaTiOj crystal is being used at room temperature (20°C),
the intensity required to raise its temperature to the Curie point
(120°C) is

aI, 2 (120°C - 20°C)/(33°C watt ™ en®) = 3 watt cm™2,
The result indicates that such detectors can be utilized even with
very intense radiation sources, since pyroelectric detectors can be
fabricated with very small areas, thus intercepting a small fraction
of the radiation from the source. Intense sources (e.g. lasers) are
usually pulse devices, and the limitation given here is calculated
for a modulated cw source of radiation. Much higher pulse intensities
can be tolerated, depending on the pulse duration and relative areas
of the beam cross section and the detector,

Thermal Limitation of D¥

If it is assumed that the conductance of the external impedance
is zero, the dependence of D¥ on sample geometry becomes rather simple.,
Thus, using

Gy = _ulé_S“ tand (15)

and
Ge = Oy




equation (11) becomes
dp
a 2 wvl

D*=—_———QI__ °
2 /KT weT tand |B + jwcpf,e\
When B is negligible it is seen that reducing the thickness improves

(16)

D%, whereas as soon as B dominates, such a reduction has an undesirable
effect, Calculated values have served to illustrate clearly that con-
cern must be given to reducing the value of B. The sequence of calcu-
lations was made as follows: 1) If B is negligible, D* becomes

o Pg ]
De L D% = dr 1 . (17)

Seplet tand J 2T w
2) If B dominates, then
a EEE N YY)
aT .
ZBJAkT e? tand

Therefore the true D* must lie between D;* and D2* and the smaller of

D¥* = Dz* = (18)

Dl* and D2* will be a good approximation to D¥.
The results of calculations made from equations (17) and
(18) appear in Table I. The first two calculations are for a currently
typical thickness of 5 x 10~3cm and for two values of B that represent
the end points of the range of experimental values utilized to date.
In these cases, B is dominant nd D*¥ = D,¥. The third entry of
Table II was obtained by adjusting the thickness of the sample to
make D1* = 3 x 102 ( a value chosen as a goal in future efforts).

In this case, it is seen that Dy* is reduced, indicating that B is



still dominant. The final entry gives the thickness and value of B
necessary to achieve a D¥ of 3 x 109.
In all the calculations of Table I typical values of BaTi03

single crystals have been utilized, viz,

el = 300 eq
tand =1

- - -1
Egﬁ = 2.5 x 10 8 coul cm 2 °c
aT 1
cp = 0.5 joule gm™— °C
A = 6,0 gnm cm'B,

and the absorption coefficient a was assumed to be unity. These cal-
culaetions are intended as a guide only; they will vary with materials.
They serve to point out the dependence of D* on the sample thickness

gnd effective thermal conductance.

TABLE I

EFFECT OF THICKNESS AND EFFECTIVE THERMAL CONDUCTANCE ON DETECTIVITY D¥
IN BaTiO3 CRYSTALS

B D% Do D*
5x1072 30 8.7 x 107 4.3 x 10® 443 x 10°
5 x 10™3 3 8.7 x 107 4e3 x 107 4.3 x 107
41x10°6 3 3 x 107 2.4 x 107 2.4 x 107

4el x 1076 1.2 x 1072 3 x 107 3 x 107 3 x 107
SQUARE WAVE ANALYSIS

The analytic expressions for T¥(t) and signal voltage when

square wave modulation is used is given in Appendix C. The main




features of the square wave analysis of course remain the same as for
the sinusoidal analysis. The average value of T*(t) is still

To* = %o - (19)
Perhaps the most important feature of this analysis is that it pre-
dicts various characteristic shapes for the output signal which de-
pend on the relative sizes of RC, fEéﬁé_ and T'e All of the character-
istic shapes have been observed qualitatively. The characteristice
signal wave forms are presented in Figure 4.

MATERIALS PREPARATION
The materials used in the previous reporting period were
restricted to single crystal barium titanate, BaTiO3. In this period,
most of the measurements continued to concentrate on BaTiO3; however
several additional materials were briefly observed, These materials
include ceramic BaTiO3 and single crystals of lead titanate, tri-
glycine sulfate, and BaTiO3 doped with iron and yttrium.
Single Crygstal Growth

The techniques employed to grow single crystal BaTiO3 were

1 nethod in which the crystals are

a modified version of the Remeika
grown from a flux of KF, which is poured off during the cooling
portion of the process. Maximum furnace temperature during the
firing cycle was 1150°C. The charge was cooled at about 6 to 25°C/hr

to 1020°C, after which it was cooled at furnace rate to room tempera-

ture,

1 J. P. Remeika, J. Am. Chem. Soc. 76, 940(1954).
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Figure 4, Characteristic wave forms observed using

square wave modulation.
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Single crystals of triglycine sulfate, (NH,CHCOOH)3°HSO,
have been prepared by growth from aqueous solutions. Glycine and
sulfuric acid were dissolved in water to form a saturated solution,
from which seed crystals were obtained by allowing the solvent to
evaporate. Selected seeds were placed on copper rods and suspended
in stirred solutions. Large crystals about one inch on an edge have
been prepared using this technique,

Crystals of BaTiO3 doped with 0.1 mole percent of Y203 have
been grown from the flux and sent to us from the Sperry Rand Research
Center, Sudbury, Massachusetts. BaTiO3 crystals doped with 0.025
percent Fep03 have been prepared at Clearwater using the Remeika
technique previously deseribed,

Preparation and Mounting of Crystals

Crystals of BaTiO3 to be used as pyroelectric detectors have
been prepared according to the following procedure:

The crystals are removed from the crucibles by washing gently
with hot water, which dissolves away the KF flux. The crystals are
then etched in phosphoric acid at 140-150°C for about a half hour.
Sometimes this is followed by poling the crystals using liquid elec~
trodes, after which they are etched at room temperature. This pro-
cedure produces clearly visible domain patterns. More frequently,
the crystals are washed with deionized water after the high tempera-
ture etch. This is followed by a rinse in clean ethyl alcohol and

another rinse in deionized water, After the crystals are dried they



are ready for application of electrodes,

The crystals are electroded by evaporation of gold or aluminum
onto their surface. This is accomplished in a vacuum by masking all
the crystal except the area to be coated, Usually the surface of the
crystal is cleaned further by ionic bombardment in the vacuum system.
The metal is then evaporated onto one surface of the crystal to a
thickness of about 3008

A small square of circult. board is prepared to serve as a mount
for the crystal, The board consists of a 1" square of bakelite with
Cu strips down the sides as shown in Figure 5. A circular hole is in
the center of the board. A 10 mil thick piece of glass onto which
two 30003 gold strips have been evaporated is attached to the back of
the board. The gold strip is connected to the copper strips with
aluminum wires as shown in Figure 6, One electroded surface of the
crystal is then attached to the gold strips on the glass with silver
paste, This configuration is seen in Figure 7, The crystal is then
poled by applying liquid electrodes (LiCl and Ho0) on the unplated
face of the crystal. The copper strips are grounded and d.c. voltage
is applied to the liquid electrode., Fields up to 12,000 to 15,000 v/cm
will normally pole a good crystal. The poling process is observed
under a microscope using polarized light. When complete polarization
is obtained, the liquid electrode is washed off and the crystal is

electroded on the remaining surface by vacuum evaporation,

0




Contact to the top electrode is accomplished by attaching
aluminum wire to the electroded surface and the copper strip. The
mounted sample can then be clipped into two terminal posts which hold
it rigidly in position for measurements. The configuration of the
finished sample is shown in Figure 8,

More recently the ecrystals mounted on boards have been placed
in a new holder, designed to permit a rigid mount capable of heating
the crystals uniformly to temperaturesup to 200°C while measurements
of the detector properties are in progress. A description of the
mount is given in the next section.

MEASUREMENT APPARATUS

The apparatus used in the measurements for this reporting
period was designed and assembled to accomplish the determination of
NEP on a variety of pyroelectric crystals at modulation frequencies
of 15, 90, 154, and 824 cps using rgdiation in the optical and near
infrared regions. It was further necessary that the temperature of
the crystals be capable of continuous variation from ambient to
temperatures above 122°C while NEP measurements were made.

These conditions were satisfied by use of the apparatus
shown schematically in Figure 9, which is a modification of that used
in the earlier reporting period. The source was, for measurements
in the optical region, a continuous wave He-Ne laser, radiating at

0.63 microns. For measurements in the infrared region, a black body

13
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source at 1000°C was used as a broad source peaked at 2,26 microns
and was also used in conjuction with a bandpass filter centered at
3 microns. Earlier plans to include measurements at 15 microns were
thwarted because vendors were not able to produce the necessary filter
as expected. A4ll modulation was accomplished by mechanical shutters.

The crystal holder is depicted in Figure 10, It is a hollow
stainless steel cylinder which stands on an optical bench. It pro-
vides a heater coil around the region of the crystal, is monitored by
a thermocouple in the same region, and is supplied energy from a
storage battery. The preamplifier is required to have low noise and
(for use with present BaTiO3 crystals) a high input impedance. This
is effectively accomplished using a field effect transistor in the
circuit shown in Figure 1l.

The tunable voltmeter is an innovation recently introduced,
It consists of a wide range microvoltmeter and a tunable, variable Q
filter. The filter is capable of restricting bandwidths to 0.8 cps
at a modulating frequency of 15 cps.

Calibration of laser intensity was accomplished by using a
Reeder thermopile calibrated against the standard black body source.,

EXPERIMENTAL RESULTS
Noise Equivalent Power
A tabulated summary of results of measurements of NEP on

typical samples of each variety of crystal is shown in Table II,
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On most of the materials, measurements were made at modulating fre-
quencies of 15, 90, 154, and 824 cps, with radiation at 0,63, 2.3,
and 3 microns. In some cases; sufficient intensity was not available
through the 3 micron filter to permit a measurement. Some of the
materials measured at the end of the program were only considered
at a single frequency with the black body source.

Excessive values of NEP observed at a modulating frequency of
90 cps were due to 60-cycle contributions to the noise spectrum. Con-
siderable effort was made to minimize pick-up by use of shielding, but
with only limited success. NEP measured with the laser at 0,63 microns
is not as good as that measured with the black body. This is attributed
to the noise associated with the modes of the laser beam, i.e., the
continual switching of energy between modes of the laser results in
noticeable intensity variation at frequencies up to 1000 cps.

The best value of NEP observed on pure BaTiO3 was about
3 x 10-8 watts/cps%} It was found that blackening of a BaTiO3 crystal
with aquadag produced an improvement in responsivity (and consequently
in NEP) of a factor of 30 percent.

The samplesof PbTiO3 tested were prepared from large cubes,
about 50 mils on a side. Such configurations are known to be slow
.in thermal response and the results indicate NEP about 2 orders of

magnitude below that of the thin BaTiO3 samples.
A sample of triglycine sulfate was obtained and measured just

prior to the end of this reporting period. Initial measurements
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reveal NEP slightly better than BaTiO3. However the TGS used in this
case was not cloven so that the polarization was perpendicular to the
crystal face. The responsivity of TGS was strikingly larger than that
of BaTiO3 (see next section),

A few measurements were made to determine the improvement per-
mitted by using lower modulating frequencies. With a BaTiO3 sample,
it was found that a factor of 3.2 improvement in NEP is obtained in
going from 15 to 10 cps, the lower limit of the measurement apparatus,

Measurements were made on several samples of ceramic BaTiO3.
These were found to be very insensitive, about two orders of magnitude
below the single crystal values. This is assumed to be due to the
difficulty in obtaining sufficient polarization in the polycrystalline
materisl, Further investigations of ceramics were omitted in this
period,

Responsivity Measurements

Responsivity, the voltage at the crystal per watt of radiation
incident on the crystal, i1s determined from the data observed in
measuring the noise equivalent power, provided the gain of the ampli-
fier system is known. The responsivity of all the barium titanate
single crystal samples were in the neighborhood of 5 to 10 volts/watt
at chopping frequencies of 15 cps, about 1 volt/watt at 90 cps, about
0.5 volts/watt at 154 cps, and about 0.1 volts/watt at 824 cps. No

significant difference was observed in materials that were doped,
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The triglycine sulfate sample measured showed a larger re-
sponsivity at l5cps--200 volts/watt. The noise voltage measured on
this sample was somewhat larger than with barium titanate, with the
result that the NEP of triglycine sulfate was only moderately better
than BaTiO3. It is not clear why excess noise attends TGS crystals,
and it will be informative to study such crystals that have been
cloven carefully and poled as completely as possible,

Temperature Dependence of NEP

The apparatus of Figure 9 was used to study the effects of
elevated temperatures on the NEP of BaTiO3 single crystal detectors.
In addition to the apparatus of Figure 9, an X-Y recorder was employed
with the thermocouple output providing the X-drive and the tunable
voltmeter output supplying the Y-drive. With a fixed bandwidth of
the filter and a fixed radiation intensity incident on the crystal,
the temperature of the crystal was increased very slowly. The
abscissa of the resulting curves are directly proportional to the
detectivity of the ecrystal (detectivity =1/NEP). The result of such
a measurement with sample Sg-0-10A is shown in Figure 12, Note that
the detectivity deteriorates monotonically as the temperature ap-
proaches the Curie point (120°C). The noise indicated in the region
of the Curie temperature is due to rapidly'moving polarization do-
mains which become unbound near the transition and disappear above

the Curie point.,




The same measurement procedure was carried out again on the
sawe crystal (after re-poling it), except that the preamplifier was
removed from the circuit, The preamplifier is a field effect transistor
with a capacitive input (C=50 pf). The external impedance seen by
the crystal is now that of the input to the quiet amplifier; about
€ megohms, resistive. The results of this procedure are shown in
Figure 13, HNote that the abscissa of the curves of Figures 12 and
13 are not to the same scale,

It is important to pcint out that the noise voltage was measured
from ambient to the Curie temperature and found to be essentially con-~
stant, so that it is true that the signal voltage recorded is pro-
portional to the detectivity.

To interpret the results of these measurements, recall the
equivalent circuit of the crystal and the external impedance Zp intc
which it is connected (see Figure 14). Considering first the case
shown in Figure 13, where the external impedance is 8 megohms, the
resistance of the crystal Ry 1s large compared to the external im-
pedance. Even though Ry is decreased with increasing temperature
(because the loss tangent of BaTiOj increases as the Curie point is
approached), the drop across the external impedance is essentially
dependent on the current generated. As stated earlier,
the current is proportional to dPS/dT, the slope of the spontaneous

polarization vs. temperature curves of Figure 15, the signal shown
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Figure 14, Equivalent circuit of pyroelectric
detector connected to an external
impedance,
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Figure 15, Spontaneous polarization vs,
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pyroelectric material.




in Figure 13 should increase as the Curie point is approached due to
the increased slope of dPs/dT.

In the case where the external impedance is capacitive, the
impedance is large for low modulation frequencies and is therefore
comparable to Ry. Thus when R, is decreased as the Curie point is
approached, less and less of the current generated in the crystal
is observed as a voltage drop across the preamplifier terminals, This
is observed in the curve of Figure 12,

Unfortunately, the NEP measured with the resistive input
amplifier is an order of magnitude greater (worse) than with the
transistor preamplifier, so that nothing is geined by elevating the
sample to temperatures near the Curie point (or, more practically,
utilizing a material whose Curie point is only slightly above room
temperature)., It is seen from Figure 13 however, that no more than
20 percent improvement is obtained in the best case, and such im-
provement is certainly overshadowed by the prospect of room tempera-
ture operation.

Respopse Time Measurementg

Near the end of this reporting period, some brief measurements
of response time were made using a BaTiO3 single crystal. Response
time was determined as the time required for a square wave modulated
incident beam to reach 90 percent of maximum output signal. An

oscilloscope was used to measure the response time of a BaTiO3
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crystal, which was fed through a transistor preamplifier. To insure

the chopped radiation rise time was sufficiently small, a laser bean

was focused to a very thin beam and chopped with a wheel whose edges

were honed, The speed of the chopping was measurecd by observing

the pulses from a photomultiplier tube, The rise time of the chopped
radiation was found to be about 2 microseconds.

Various resistances were placed in parallel with the input of
the preanmplifier and response time was measured in each case, Of
course, the output of the preamplifier was reduced as smaller re-
sistances were used until no signal could be distinguished when a
0.1 megohm resistor was used. The table below shows the rise time

measured for typlcal resistancess

TABLE III

RISE TIMES MEASURED ON BaTiO3 SINGLE CRYSTALS

Resistance in Parallel Rise Time

with Transistor Preamp (90%)
3.6 Meg 3,0 msec
1.0 Meg 1.0 msec
0.5 Meg 0.5 msec
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CONCLUSIONS AND RECOM'ENDATIONS

The results of the first phase of this program permit several

conclusions, stimulate certain conjectures, and demand that attention

be called to certain possible applications for pyroelectric detectors.

The course of the first phase has been that of utilizing the

better known pyroelectric materials to determine an accurate analytical

model of the detector, while experimental results have justified the
models proposed and have provided a basis from which to exploit new
and improved materials for specific applications and general improve-
ment of the pyroelectric detector technique.
SUMMARY OF RESULTS

It has been demonstrated that pyroelectric detectors can be
accurately characterized by the equivalent circuit shown in Section
4el and that the parameters of the materials can be related directly
to the detector characteristics. Measurements indicate that the
BaTiO3 crystals several millimeters thick are capable of achieving
NEP of about 10~8 watt/cps®. For the area of the crystals measured
(0.032 cm?), this corresponds to a detectivity D¥=2107. It will be
seen in the succeeding sections that such a detector is useful, by
virtue of its attendent characteristics (small size, broad frequency
range, speed of response, etc.). However, it is desirable that pyro-
electric detectors fulfill a more general need, for which greater de-

tectivity is necessary. Searches of the literature indicate that a
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detector with broad radiation frequency response, with D* greater
than 109, and having moderate response time would be superior to
present uncooled detectors in regions above 6 microns and superior
to any operating at liquid nitrogen temperatures (77°K) in regions
above 12 microns,

The goal that has been chosen for purposes of calculations
is D¥ = 3 x 109. An earlier section included a discussion of the re~
quirements of materials and their processing for achieving such a
goal. A concomitant goal for response time is 1,0 msec, though re-
duction of D¥ will permit faster response.

It is clear that pyroelectric detectors are capable of the
broad frequencv response characteristic of thermal detectors, and
it is reasonable to assume that extremely small detectors can be
fabricated as the need arises, The circuitry required to utilize these
detectors is simple and standard., Fast response can be achieved in
these detectors at the expense of detectivity. Detectors made of
BaTiO3 will be capable of operation when exposed to constant radiation
intensities of about 3 watts/cmz, and those materials with higher
Curie points (e.go, PbTiO3) will be capable of withstanding cw in-
tensities of 10 watts/cm2 or more, Such detectors will be useful in
the instrumentation of high energy pulse sources of radiation (e.g.,
lasers), for in those cases the average power per unit area incident

on the detector crystal can be diminished by control of pulse width,
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pulse repetition rate, and the relative areas of the pulsed beam
and the detector element.
APPLICATIONS OF THE PYROELECTRIC TECHNIQUE

The features of the pyroelectric technique that set it apart
from more conventional methods are its relative independence of wave-
length of radiation, ambient temperature operation, small physical
size, and the relatively short response time compared to other broad-
band detectors. Assuming that the suggested goals of the next phase
of this program are achieved or closely approached, the pyroelectric
detector will find extensive use in the far infrared region. It is
appropriate to point out that in the near IR region (up to 5 microns),
the requirements of most applications will be met most easily by
quantum detectors, and when cryogenic operation is permitted, quantum
detectors can be extended somewhat further into the infrared region
with superior characteristics. Therefore, the applications considered
here are restricted to those cases in which the pyroelectric detector
may be expected to excel.

Specific Applications

The pyroelectric detector has been found to be of considerable
interest for use in certain specific applications, and in many cases
it was found to be uniquely adapted to several measurement problems
of immediate interest.

Measurements of temperature change in the vicinity of shock

tube models appear to be a problem especially suited to pyroelectric




detectors. Changes of temperature of about 50°C occur behind shock
model heads in periods of time of the order of hundreds of microseconds,
Small, fast response detectors will permit measurement of the tempera-
ture change at several positions around the head simultaneously. The
shock tube technique requires destruction of the detector element;

this implies the desirability of simple, relatively inexpensive de-
tector elements, Pyroelectric detectors seem to be the only detectors
that simultaneously satisfy all these requirements.

The measurement of température in continuous~flow wind tunnels
requires the insertion of a detector into the alirstream for sufficiently
short periods that laminar flow is not appreciably disturbed. The
temperature measured by such a detector is referred to as the "jerk
temperature", The requirement here is for a small, fast response,
thermal sensor, and the pyroelectric detector will meet all these re-
quirements,

The measurement of the spacial profiles of laser beams that
are contained over great distances has apparently been a problem due
to the size (and therefore resolution) of ordinary detectors. A simple
linear array of pyroelectric detectors has been suggested as a means
of accomplishing such measurements., Neither sensitivity nor speed of
response appears to be of particular consequence in this application.

Laser instrumentation applications include time profiles of
laser pulses obtained by use of pyroelectric techniques. In these

cages, the pyroelectric technique is applicable to the optical, near
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IR, and far IR regions. Sensitivity is not critical in detecting
pulsed laser beams and detectivities of the order of D¥ = 10° are
sufficient. Response times for such application, however, should not

exceed 0.1 microsecond.

The capability of response to microwave and submillimeter wave

signals in a small thermal element is a requirement of groups studying

focused beam antenna patterns. Unsuccessful attempts to resolve the
focal point of the microwave beam have pointed up the requirement of
a small detector with a wide dynamic range. Meagsurements made in
Sperry's laboratories have indicated that pyroelectric detectors may
provide the means of solving this problem,

Long Wavelength Applications

The capabilities of pyroelectrics in the long wavelength
region of the far infrared will find use in several areas: horizon
sensing, infrared imaging, submillimeter wave detection, microwave
monitoring, and a group of specialized applications that includes
measurement of planetary temperatures, temperature distribution
studies, and medical diagnostic techniques.,

Current horizon sensors utilize thermal detectors to take
advantage of the entire spectrum of radiation from planetary bodies.
The realization of pyroelectric detectors with D* = 3 x 107 will
provide the most sensitive wide range sensor available, capable of

utilizing present scan systems that scan 20 times per second.



Infrared imaging and the utilization of infrared detector
arrays have been confronted with several problems: the cooling of
arrays and imaging mosaics is nearly impossible in operational
systems; physical size of arrays (and therefore of each detector
element) must be kept small; obtaining matched elements in arrays
is prohibitively expensive and time-consuming. These problems,
coupled with the apparent trend toward operation of imaging devices
into the far infrared region suggest the possibility of using the
small sigze, ambient temperature operation, and long wavelength capa-
bilities of pyroelectric detectors in this area.

The microwave and submillimeter wave industry have exhibited
a tendency to pursue the regions of higher and higher frequencies
in an effort to bridge the gap between infrared and microwave tech-
nologies, Sensitive pyroelectric detectors in the form of laboratory
detectors will fill this pressing need as such studies progress.

RECOMMENDATIONS

In view of the presently existing needs for a sensitive,
broadband detector in the far infrared and submillimeter wave regions,
and in anticipation of even more serious needs as the electromagnetic
spectrum is more completely utilized, it appears especially desirable
to develop the pyroelectric detection technique to its fullest ex-
tent. The qualities which are of particular interest, it seems, can

be listed as follows:
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Broad spzactral response

Detectivity =1 x 10°
Small physical size
Fast response time

Reproducibility
It is recommended that these objectives be pursued by the
following routess
1) Materials research and improvement

2) Theoretical studies of fundamental properties of
pyroelectric materials

3) Improved processing, mounting, electroding, etc.

4) Improved circuitry to utilize the pyroelectric
properties.

The parameters affecting pyroelectric characteristics have been
demonstrated. Significant improvements can be expected from a thorough
investigation of materials properties as they are known to exist and
of the means by which they can be improved through doping, growth
techniques, and poling. Such studies are first in order of necessity
to accomplish the goals of this and similar detector programs.

A parallel study of fundamental processes that contribute to
the parameters that govern pyroelectric phenomena is strongly recom-
mended. In particular, the contribution of impurity and lattice
defects to the loss character of pyroelectric materials, and the in-
fluence of domain dynamics on the pyroelectric efficiency are of
especial interest in view of the observation of "hot spots" in ma-

terials duriﬁé the course of this phase of the program,
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The processing of materials for use as pyroelectric detectors
is, of course, a necessary requirement for their effective utilization.
Poling, mounting, electroding, miniaturization, thin film deposition
of pyroelectric material, and shielding are some of the aress which
must be pursued in conjunction with the materials studies. Effective
circuitry must continue to be developed for the detector as the more

fundamental studies are pursued.
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APPENDIX A

SOLUTION OF HEAT EQUATION FOR SINUSOIDAL MODULATION

If the primary loss of heat from the sample is by conduction
to its surroundings, the rate of heat loss will be proportional to
the difference in temperature T* between the sample and its environ-

ment. Thus one may write
= ar®
aIA = cp/aAl I2 + pams, (1)
where

¢, is the specific heat of the sample under constant pressure,

o]

L 1s the density of the sample,

a is the fraction of incident energy absorbed,

I is the intensity of radiation incident upon the sample,
BA is the effective thermal conductance,

A is the area of the sample.

It is now assumed that the intensity is modulated such that

I = 1?0 (1 - ed®Y, (2)
where only the real part is physically meaningful. Substituting

equation (2) into equation (1) and solving gives
-_B t

1. E_PT o yZ4 RO
2(B+ch fl)

(3)
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From equation (3), the time varying steady-state solution is

T #(t) = &o _ alo exp(jwt) .
s 2B 2(Btjwecnpl)
of

(4)




APPENDIX B

T#(t) FOR SQUARE WAVE MODULATION
The differential equation being used to approximate T¥(t) is

ar* 4+ _B__ T*= B
dt cp/Z cp/Z

I(t)e. (1)
Let I(t) be given by
I, for 0<t< 7/2
I(t) =<0 for T/2<t< T (2)
I(t) = 1(t -7) for T< t.

Using equation (2) and solving equation (1) by Laplace transforms

gives the following results.

T*(t) = T _*(t) + Ty*(t) (3)
where Tg*(t) represents the steady state solution and T{ (t) represents

the transient solution. The explicit form of the two is

9.2.;;9. + £(t), 0<t<T)2

1) =42 - £(t - T/2), V2ees 7 (4
TS*(t) = Ts*(t "T')’ T4t,
where
£(t) = o[ 1 - 2o (B t/oppk ) (5)
2B 1+ exp (B7/2¢ /ﬂ )
and

T*(t) =-<110r‘;xp(-3 t/cpﬂl ) ‘l , for all t > 0, (6)
B Ll + exp(B‘r'/ZcpfﬂjJ
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It should be noted that the average value of Ts*(t) is

Ta* = é&’ (7)
2B

A typical plot of T#(t) vs. t is given below.
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APPERDIX C

SIGNAL VOLTAGE FOR SQUARE WAVE MODULATION

Consider the current generator representation for the equiva-
lent circuit (see Figure) and assume a capacitive external impedance

as illustrated,

—o I '\

is d(APs) Gy e Ge§ L _Cg v
® at — . s
P P \ |

Then
dvy

i = o= - ——— 1
and from equation (1) of Section 4.1 and equation (1) above, one
obtains

d

GV + S5 (Cvg + AP,) = O, (2)
where

G=G,+ Gg= L/R (3a)

C= Cy+ Cgo (3b)
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Equation (2) can be written in the form

Vo4 1 v, =-4dpg dT . (4)
dt RC C gr dt

Using the fact that

ar+ _ 4r
dt at

for constant ambient temperature, and differentiating T*(t) as given
in Appendix A, the result can be substituted into equation (4). Solving

the resulting equation by Laplace transforms gives

Vo (t) = Vgg(t) + Vey(t) (5)
where Vgg and Vgt are the steady-state and transient solutions re-

spectively and are given by
g(t) for 0 < t= T/2
Ves(t) ={ -g(t = V2) for T/2¢t= T (6)

Vgg(t) = Vgglt =T) for TLt,

Vot (t) = —g(t) for all t > 0, (7)
£(t) =f *ToRA ‘) dP) | exp(-t/RC) _ exp(~tB/cp pd.) .
cppd - BRG\ AT ) | Wexp(- T/2RC)  Ltexp(~ B/2cppl )
(8)

If it is assumed that B = O and RC D> T, then one obtains

&) =(;§;A/M )z (4: i t) : R




Fron equation (9), the maximum value of Vg (t) is given by

_ 7ol A ( dPS) , (10)
4cp/04? Cew \dT

o}

where the period T" has been expressed in terms of the angular fre-

quency, i.e.,

T = 2T/w. (11)
This is to be compared with V, for sinusoidal modulation under similar
restructions,
- 1 aloh dp (1
V = = Es| e 2)
° 2 cp}oz cw(dr)

Typical wave forms as given by equation (6) were depicted in Figure 4

of the text.
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